Through the statement of the turbulent Navier-Stokes equations and a coalescence model of Saffman and Turner a mathematical model has been proposed to describe deoxidation kinetics in an R-H vacuum degassing unit. An important feature of the work was that a population balance model was used and that an allowance was made for the spatial non-uniformity of the coalescence rate.
I. Introduction
In recent years there has been a growing interest in use of ladle treatment or ladle metallurgy as a follow up operation after electric furnace or BOF steelmaking.
Vacuum degassing techniques, such as the R-H and the D-H process are being extensively employed for the treatment of liquid steel prior to continuous casting because this technique has been found very successful for the removal of surface defects. It has been recognized that in essence both the R-H and the D-H systems function as mixers, rather than purely degassing units, and a key role attributed to these operations is their function to promote inclusion removal. The fact that in many instances the R-H units are operated at a freeboard pressure of 100 mm Hg, rather than at much lower pressures, supports this contention. During the past decade a great deal of work has been done on the development of an improved understanding of fluid flow and mixing in R-H units, through model experiments, mathematical modeling and plant scale investigations. 1, 2) At the same time a considerable effort has been made also, to develop an improved model for inclusion removal, through coalescence. These models, of which the work of Lindborg and Torsse113~ is particularly noteworthy, have clearly shown that the nature of the fluid flow and the local values of the turbulence parameters play a key role in affecting the rate at which coalescence occurs. The principal motivation of the work, which will be described in this paper, has been to combine the representation of the turbulent recirculating flow in R-H units with a suitable coalescence model in order to make a first attempt at representing deoxidation kinetics in an R-H system in terms of spatially distributed parameters. It is thought that this approach should provide an improved insight into the operation of R-H units and might indicate possible avenues for process improvement. Furthermore, the treatment of inclusion coalescence, as a spatially distributed process, in conjunction with a turbulent recirculating flow model could be a more generally applicable approach to modeling deoxidation kinetics.
II.
Formulation Figure  1 shows a schematic sketch of an R-H degassing unit. It is seen that the system consists of a ladle, which is connected to a vacuum chamber by two vertical, cylindrical conduits. Circulation of the 
Transactions ISIJ, Vol. 23, 1983 bath is achieved by transporting metal through the " up -leg " into the vacuum chamber and then discharging the metal into the ladle, through the " downleg ". This circulation is promoted by the evolution of dissolved gases in the vacuum chamber and during the ascent of the metal stream, but is also aided by the injection of an argon stream through the " up-leg ". In this regard the system functions as an air lift pump.
As noted earlier, the principal function envisioned for the system is that of a mixer, with substantial mixing taking place both in the vacuum chamber and in the ladle. Figure 2 illustrates the evolution of the total oxygen content of the bath and that of the dissolved oxygen for a typical killed steel, as a function of time.4) The dramatic reduction in the total oxygen content is largely attributable to the removal of the inclusions, rather than to any degassing mechanism, which would affect the dissolved oxygen only.
The development of a quantitative representation of the deoxidation process has to incorporate the following key components:
(1) The fluid flow field and the turbulence parameters have to be defined.
(2) The coalescence kinetics have to be stated. (3) A dynamic oxygen balance has to be established.
Clearly these three components are closely interrelated, because the coalescence rates are critically dependent on the flow characteristics of the system. Moreover both the fluid flow kinetics and the coalescence kinetics have to play an important role in determining the dynamic oxygen balance. Figure 3 shows the physical idealization involved in the development of a mathematical model for the fluid flow field.
The Fluid Flow Field in an R-H Degassing System
The principal assumptions made in the model development are listed in the following :
(1) A two dimensional slice has been considered, rather than the full three dimensional recirculating flow system.
(2) The vacuum chamber was not represented. (3) Neither the " up-leg " nor the " down-leg" were considered to be immersed in the melt and the velocity fields were specified at both the entry and the exit planes.
(4) The presence of the slag at the free surface was not considered.
(5) Steady state conditions were assumed. (6) Wall functions were employed to represent the near wall regions and the k-e model was used to represent the turbulent viscosity.5-7)
Within the framework of these assumptions the problem reduces to turbulent (recirculating) flow in a rectangular cavity, with the velocity being specified at an inlet and at an outlet plane the velocity being set zero at the solid surfaces and zero shear being specified at the free surface.
Thus we have : (5) where, CD : a constant k: the turbulent kinetic energy E: the rate of turbulent energy dissipation.
As it has been discussed in previous publications, separate transport equations have to be solved for k and e.
A general statement of the boundary conditions has been given earlier, and the mathematical details are available in the thesis upon which this work is based.8) Research Article Transactions ISIJ, Vol. 23, 1983 (467)
Coalescence Kinetics
In establishing a material balance on the inclusion particles one has to write down a general form of a transport equation, in which allowance is made for both the generation and the consumption of the particles. As a matter of fact one has to work in terms of a population balance thus the conservation of the particles in each size group has to be expressed separately.
Thus we rc ,i=~eff/Qc,i: the effective diffusivity of the particles of i-th class with a'being the turbulent Prandtl number S~,1: the sum of the source and the sink terms in the population balance model written for particles of i-th class. In representing the source and the sink terms in Eq. (6) we may in general consider three types of collisions, such as sketched in Fig. 4 .
For Case I a spherical particle results from the collision (and coalescence) of two spherical particles; this case would approximate the behavior of silica inclusions.9~ Case II is typical of cluster formation (an element thereof) which one may experience with alumina inclusions, while case III is an intermediate between these two extremes.
In the present study we shall confine our attention to Case I, and Table 1 gives an illustration of the particle diameters that result from the coalescence of two given spherical particles.
The relationship between the rate of coalescence and the turbulence properties of the flow system was adopted from an expression developed by Saffman and Turner,10~ which has the following form: 
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(1) First one solves the fluid flow equations (1) to (3) to obtain the spatial distribution of the velocity field and of the turbuence energy dissipation.
(2) On postulating an initial particle size distribution use is made of Eqs. (6) and (7) to calculate the new particle density distribution. This calculation has to be repeated for each time step.
It is noted, that as predicted by Eqs. (6) and (7) the particle density distribution is affected both by the coalescence and also by the convective transport of the particles.
The calculation itself is quite tedious, because the subsidary equations are quite involved. Details of these calculations are available in the thesis upon which this paper is based.
The Dynamic Oxygen Balance
The dynamic oxygen balance for the system has to allow for : 1) The input of oxygen from the refractory walls 2) The input of oxygen from the atmosphere and from the slag 3) The rate of oxygen removal through the coalescence and rise of the inclusion particles 4) The rate of oxygen removal due to the transfer of the inclusion particles to the ladle walls. While a formulation has been developed to represent these phenomena the actual calculations that have been carried out were confined to a situation where oxygen removal due to the coalescence and subsequent flotation of the inclusions was the dominant factor.
III. The Computational
Technique As was noted earlier the computational scheme had as the key components the calculation of the velocity field and of the turbulence parameters, and the calculation of the coalescence and convective transport of the inclusion particles.
An essentially standard finite difference procedure was employed for calculating the velocity field. A 18 X 15 finite difference grid was used and a typical run required about 180 sec on MIT's IBM 370/168 digital computer.
The population balance calculations pertaining to the coalescence of the inclusions and their convective transport required some 900 sec. In these calculations the particles were divided into 10 groups, ranging in size from 2 to 20 ~Cm. Particles larger than 20 pm were deemed to rise sufficiently rapidly so as to escape from the system quite readily. Further computational details, including the program listing are available in K. Shirabe's MS thesis.8~I
v. Computed Results
In the following we shall present a selection of the computed results which will be divided into two groups, namely : 1) Fluid Flow Calculations 2) Inclusion Density Distributions.
Fluid Flow Calculations
The principal input parameters used in the calculations are summarized in Table 2 . In essence the system considered was a typical 100 t R-H vacuum degassing unit. Figure 5 shows the computed velocity field, where it is seen that there exist two major circulating loops, one involving the region below the " down -leg " while the other is the major recirculating flow between the " up-leg " and the " down-leg." This flow pattern is quite similar, but not identical to that reported previously.l~ These differences are at least in part attributable to the somewhat more refined boundary conditions and computational procedures employed in the present paper. Both papers agree, however, that there appears to be a very strong recirculating flow field in the system, with an essential absence of dead zones. The computed velocity field for conditions summarized in Table 2 .
It should be remarked that somewhat higher average velocities and recirculation rates were reported in the previous paper; these differences in the absolute values were due to the inherent differences in the operating conditions. (Figures 6 to 9 show maps of the turbulent kinetic energy, of the turbulent energy dissipation, of the eddy diffusivity and of the ratio: effective viscosity f molecular viscosity.)
Inspection of Figs. 6 to 9 shows that the flow is highly turbulent, and that the maximum values of the turbulent kinetic energy and of the turbulent energy dissipation are in the vicinity of the outlet from the " down -leg." The findings reported here are fully consistent with the generally held view that the R-H degassing system is an excellent mixer.
Coalescence Calculations
The population balance calculations that were performed as part of this study required a considerable amount of computer time and by the same token produced a great deal of output, including the time dependent particle size distribution at each grid point. Since it would have been impractical to present all this information, a small number of grid points have been selected, for which the output data were actually printed. These grid points were so chosen as to be representative of key areas within the vessel and are Fig. 6 . The computed map of the turbulent kinetic energy, in cm2 Jsec2 for the conditions summarized in Table 2 . The computed map of the turbulent energy dissipation in cm2 Jsec3. The computed map of the ratio: Peff/P.
(470) Transactions ISI?, Vol. 23, 1983 sketched in Fig. 10 . Figures  11 to 13 show the computed evolution of the particle sizes at the various grid point locations. It is seen that these curves are very similar, all indicating a more or less monotonous decrease in the concentration of all the particles with time.
During the very initial stages the concentration of The particle size distribution as a function of time at grid #176.
ISIT, Vol. 23, 1983 ( 471) the larger particles will increase (due to coalescence). The similarity of the particle concentration vs. time curves, obtained for various locations within the system, is further confirmed by Figs. 14 and 15 which show the particle concentration isopleths for 2, and 20 pm particles after a lapsed time of 120 sec.
It is seen that there does not appear to be a great difference in the particle concentration (30 % being the largest discrepancy) with location in the vessel. Upon considering the fact that the rate of turbulence energy dissipation shows very marked spatial variation, the rate of particle coalescence must also vary markedly with location within the system. It follows that the R-H system must be extremely well mixed in order to produce such uniformity of particle density distribution. This lack of spatial variation enables one to prepare plots of the inclusion number density against time for 2, 10 and 20 m particles, given in Figs. 16 to 18. It is seen that these plots show a monotonous decrease with time, except for the 20 pm particles, which exhibit an initial increase, due to the more rapid production of this size by coalescence.
Clearly it would have been desirable to present a direct comparison between the theoretical predictions The spatial distribution of the number density of 2 pm particles after the lapse of 120 sec. (472) Transactions ISIJ, Vol. 23, 1983 for the particle size distribution and experimental measurements. Unfortunately such data were not available at this time, however, the particle density distribution as a function time, reported in this paper, was found to be in reasonable qualitative agreement with density distribution reported by Nakanishi and Szekely.11~
Finally, Fig. 19 shows a plot of the computed dimensionless oxygen content for a particular grid point, as a function of time, and two experimental data points are also given. While there is considerable scatter, the predictions appear to fall within the range of measurements.
V. Discussion
A mathematical representation has been developed for the fluid flow field and for inclusion coalescence kinetics in the R-H vacuum degassing system. The fluid flow field was represented by considering a two dimensional slice and by writing the appropriate two dimensional form of the turbulent Navier-Stokes equations, in conjunction with the k-E model for the turbulent viscosity. These equations were solved numerically, giving the velocity field, and the maps of the turbulent kinetic energy and of the turbulent kinetic energy dissipation. The coalescence of the inclusion particles was modeled using a technique suggested by Saffman and Turner,'°~ which relates the collision frequency to the turbulent energy dissipation. An interesting novel feature of this work was that a population balance model was being employed and that allowance was made for the spatial non-uniformity of the collision rate.
The following conclusions may be drawn from the results of these calculations. 
(1) The R-H vacuum degassing unit is an excellent mixer, with virtually all the material contained in the ladle being involved in the overall circulation pattern.
(2) The maximum rate of turbulence energy dissipation occurs in the vicinity of the " down-leg ", and the system may be regarded as a reactor, consisting of this region of high turbulence energy dissipation through which the remainder of the melt is being periodically passed.
(3) The population balance model approach is a feasible technique for representing deoxidation kinetics, although the computational effort required is quite substantial.
(4) The calculations that have been carried out have shown remarkable spatial uniformity of the inclusion particles, notwithstanding the fact that most of the coalescence occurred in the vicinity of the down-leg. This finding further confirms the very good mixing that is obtainable in R-H degassing systems.
It is noted that in the model developed we have not been able to establish a complete dynamic oxygen balance, because no account has been taken of oxygen input into the system, from the refractory walls or from the slag. Furthermore, the convective transport of the inclusion particles to the walls has not been taken into consideration in the computation.
It is felt, nonetheless that the model has given a useful insight into the overall behavior of the R-H degassing system. Furthermore, the population balance approach, which has been developed here, may gain more widespread application for the modeling of deoxidation kinetics in general. Further work would be desirable regarding the experimental verification of these concepts, through the analysis of the size distribution of inclusion particles, extracted from melts.
It would be also desirable to extend the model to representing Class II and Class III type collisions (depicted in Fig. 4 ) so as to allow for the representation of clustering phenomena and also to permit the introduction of the role played by surface forces. This approach has the potential of combining the knowledge gained regarding the physical chemistry of deoxidation with fluid flow concepts. 
